1.. INTRODUCTION {#s0001}
================

Pathogenic microorganisms may occur in high concentrations in the air inside the livestock houses. Along with ventilation, they can be emitted to the ambient environment and pose airborne infection risk to healthy animals on other farms and to humans living in the vicinity (Seedorf et al., [@cit0224]). The extent to which pathogenic microorganisms are transmitted to nearby recipients and cause disease spreading through the airborne route remains largely unclear. Actually, airborne transmission only has been considered as a possible route in historical disease outbreaks in livestock production when the outbreaks could not be attributed to other known routes such as direct contact transmission or fecal-oral transmission (Elbers et al., [@cit0081]; Gloster et al., [@cit0096]). Attempts to link pathogen transmission (between farms) to prevalent wind directions---an apparent epidemiological proof of airborne transmission---have not been always successful, and the transmission is assumed to only be favored at picky atmospheric conditions (Gloster et al., [@cit0096]; Mikkelsen et al., [@cit0183]). All these facts induce doubts on the importance of the role of airborne transmission in disease outbreaks; however, no one can conclusively exclude this transmission route due to its potentially extensive and intensive impacts if truly involved in epidemics.

Given the lack of knowledge on airborne transmission it is important to stimulate relevant research in order to better understand what role it can play. Here we define *airborne transmission* in livestock production as "an entire transmission process that involves pathogenic microorganisms releasing from the infected animal\'s excrement or secretion to air, transporting air, inhaled by a healthy animal, and eventually infecting the recipient." The airborne transmission of certain pathogenic microorganisms from animal to animal has been demonstrated in lab-scale experiments in which healthy animals separated physically but not aerially from infected animals became infected (Berthelot-Herault et al., [@cit0025]; Brockmeier and Lager, [@cit0028]). Furthermore, some microorganisms collected kilometers away from the source farm were found to be capable of infecting healthy animals intramuscularly or intratracheally (Otake et al., [@cit0197]). However, there is still uncertainty, because of the incomplete knowledge about the entire process of airborne transmission of microorganisms, from generation and transportation through inhalation and finally to infection (Stark, [@cit0232]).

Dust probably plays a role as the carrier of the microorganisms in the air. In 1987, the importance of the relationship between airborne microorganisms and dust from livestock production systems was reviewed by Muller and Wieser ([@cit0189]). The authors separately described the indoor properties (source, concentration, and constitute) of airborne microorganisms and dust, and the dispersion in ambient air outdoors. Since then, much research has been done on specific processes involved in the transmission of the airborne microorganisms and dust. However, we lack an integrated overview of and insight into all the processes involved in the airborne transmission of microorganisms in association with dust.

The objective of this article is to review current knowledge on airborne microorganisms from production systems for typical livestock species (swine, poultry and cattle), and their relation to dust. Specifically, in section 2, we identify the sources, species, size distributions, and concentrations of airborne microorganisms and dust from livestock production systems, as well as the factors affecting their concentrations. In section 3, the physical and biological decay of airborne microorganisms and dust during transmission is described. In section 4, the deposition of airborne microorganisms and dust in respiratory tracts, and the infective dose of pathogenic microorganisms to animals are introduced. In section 5, the strategies and techniques for sampling microorganisms and dust in livestock production systems are proposed. In section 6, the mitigation techniques are described.

2.. AIRBORNE MICROORGANISMS AND DUST IN LIVESTOCK PRODUCTION SYSTEMS {#s0002}
====================================================================

2.1. Identification the Sources of Airborne Microorganisms and Dust {#s0002-0001}
-------------------------------------------------------------------

Identifying the source of microorganisms and dust in livestock production systems helps to elucidate how airborne transmission is generated, and ultimately can help to develop and implement strategies that prevent such transmission from beginning (Bull et al., [@cit0032]; Cambra-Lopez, [@cit0036]). Sources of dust in livestock production systems have been identified and assessed qualitatively and quantitatively (Aarnink et al., [@cit0003]; Donham and Gustafson, [@cit0067]). It is generally accepted that all dust sources are also sources of airborne microorganisms because these source materials somehow contain certain microbial species that may be generated together with dust. However, the source identification of airborne microorganisms has not yet been extensively investigated, and it is thought to be more complicated than the source identification of dust in at least two ways. The first way is associated with the complexity of microbial species in a source. A source material always contains a microbial flora composed of many different microbial species. The second way is associated with the dynamic viability of microorganisms in the generation process (Milne et al., [@cit0185]); microorganisms may either decay or multiply in the source material. Thus, the source identification for microorganisms should also be dynamic.

### 2.1.1. S[ource of]{.smallcaps} A[irborne]{.smallcaps} M[icroorganisms]{.smallcaps} {#s0002-0001-0001}

Animals shed microorganisms mainly by means of fecal excretion, which may contain large amount of microorganisms (Letellier et al., [@cit0161]; Pell, [@cit0202]). Consider two common zoonotic bacterial species, *Salmonella* and *Escherichia*, both have been found in feces: *Salmonella* at a concentration of 2--7 log CFU g^−1^ feces (Gray and Fedorka-Cray, [@cit0100]; Himathongkham et al., [@cit0126]) and *E. coli* at 2--6 log CFU g^−1^ feces (McGee et al., [@cit0181]; Omisakin et al., [@cit0196]). Feces are also an important pathway for virus shedding from infected animals (Fouchier et al., [@cit0090]). A list of viral species that may be excreted by cattle was proposed by Pell ([@cit0202]), including infectious bovine rhinotracheitis and Foot-and-mouth disease (FMD) virus. Many other viruses have been recovered from feces of other animal species, such as avian influenza A virus (Webster et al., [@cit0267]) and Newcastle disease virus (Spradbrow et al., [@cit0230]) in poultry, and swine fever virus (Van Oirschot, [@cit0257]), hepatitis E virus (de Deus et al., [@cit0054]), and porcine reproductive and respiratory syndrome virus (PRRSV) (Yoon et al., [@cit0281]) in pigs. The microorganisms in feces can become airborne when dried fecal particles are disturbed by air flow or animal activity. Some studies have managed to identify feces as the source of airborne microorganisms. A study by Duan et al. (2009) found the airborne *E. coli* strains inside and downwind from the pig houses were closely associated with those isolated from pig feces. Water content binds particles in feces and prevents their suspension, so, the microorganisms in dry feces that have low water content become airborne more easily than microorganisms in fresh feces. The water content of fresh feces (or manure, when urine is not separated) is the range of 60--90% (Derikx et al., [@cit0062]), depending on the animal species. Under typical livestock housing environmental conditions, it may take hours or days to dry the feces to a water content less than 20%---the water content of airborne dust in livestock production systems (Aarnink et al., [@cit0003]; Zhao et al., [@cit0287]). This means the microorganisms must undergo a latent period between the moment they are excreted in the feces and the moment they become airborne.

During inhalation and exhalation the surface of the mucus in the respiratory tract is destabilized through an interplay between surface tension and viscous forces (Edwards et al., [@cit0077]). This can result in mucus\'s microorganisms to become airborne and expelled from the body via breathing, coughing, and sneezing. This source of airborne microorganisms is widely accepted in the human model of disease transmission, and pathogenic microorganisms have been frequently recovered from the exhaled aerosols (Fabian et al., [@cit0088]; Weber and Stilianakis, [@cit0266]). Only a few studies have been carried out to directly detect the microorganisms in exhaled air of animals. By sampling exhaled air in masks placed over the heads of infected pigs, Cho et al. (2006) recovered PRRSV and Hermann et al. ([@cit0120]) recovered *Mycoplasma hyopneumoniae* and *Bordetella bronchiseptica.* In contrast, Hermann et al. (2008) failed in recovering PRRSV, Porcine circovirus 2, swine influenza virus, and Porcine respiratory coronavirus in the exhaled air of infected pigs, although they were found in the oral and nasal swabs. Similarly, Zhao et al. (2013) could not recover infectious brusal disease virus in the exhaled air of infected broilers. These results indicate that some microorganisms in animal respiratory tracts might not readily become suspended in the air or be expelled out of the body, which implies that this is perhaps not an major source of airborne microorganisms as compared to animal feces (Zhao et al., [@cit0287]). However, the reason the microorganisms may not be detected could be because the quantities of exhaled microorganisms were below the detection limit of the sampling devices. Therefore, animal respiratory tracts can only be excluded as a source of airborne microorganisms until it has been incontrovertibly established that every single microorganism is detectable.

Organic materials such as feed may serve as carriers for variety of microorganisms. The microorganisms may originate from the soil and are transferred to standing crops by wind, rain, mechanical agitation, or insects (Maciorowski et al., [@cit0172]). Both nonpathogenic and pathogenic microorganisms have been recovered from feed; analysis has revealed concentrations of Gram-negative bacteria in feed as high as 5 log CFU g^−1^ (Hofacre et al., [@cit0128]). These microorganisms can be disseminated together with feed particles during feeding (Andersson et al., [@cit0011]; Chang et al., [@cit0039]); the extent of dissemination depends greatly on how the feed is given (e.g., dry vs. wet feed delivery and powder vs. pellet feed delivery; Pearson and Sharples, [@cit0200]).

Litter is a mixture of bedding materials (e.g., wood shavings, chopped straw, sawdust, and rice hulls) animal feces, dander, and feed (Torok et al., [@cit0248]). The provision of litter in livestock production systems may improve animal welfare by increasing the incidence of natural behaviors (Appleby and Hughes, [@cit0012]), which, however, may result in more microorganisms being present in the air than in housing systems without litter (Madelin and Wathes, [@cit0173]; Vucemilo et al., [@cit0259]). The microorganisms arrive in litter during the harvesting and processing of the bedding material, and through animal excretion and secretion. The concentrations of aerobic bacteria in poultry litter range from 3 to 9 log CFU g^−1^ (Lu et al., [@cit0170]; Martin et al., [@cit0174]). Most of the bacteria in the poultry litter are Gram-positive. Gram-negative bacteria and mold account for a small fraction of the total microbial count, but due to the high concentration of the total microorganisms, their numbers can still be high in some cases (Martin et al., [@cit0174]). Surprisingly, some pathogenic bacteria that are commonly recovered from animal feces (e.g., *E. coli*, *Salmonella*, and *Campylobacter*) are not always detectable in litter (Lu et al., [@cit0170]). The reason could be the less favorable microenvironment for microbial survival in the feces-bedding mixture than in feces alone. Microorganisms, including *Globicatella sulfidofaciens*, *Corynebacterium ammoniagenes*, *Corynebacterium urealyticum*, *Clostridium aminovalericum*, *Arthrobacter sp.*, and *Denitrobacter permanens,* which may be involved in degradation of wood and cycling of nitrogen and sulfur have been identified in poultry litter (Lu et al., [@cit0170]).

Other possible sources of airborne microorganisms in livestock houses include animal skin (Baird-Parker, [@cit0014]; Gailiunas and Cottral, [@cit0091]; Kloos et al., [@cit0151]) and animal products (e.g., broken eggs, spoiled milk (de Reu et al., [@cit0059]; Donaldson et al., [@cit0066]; Doyle, [@cit0070]; Doyle and Roman, [@cit0071]), farm workers and visitors (Newell and Fearnley, [@cit0191]; Nishiguchi et al., [@cit0193]), and ambient air (Gloster et al., [@cit0096]; Martin et al., [@cit0175]).

### 2.1.2. S[ources of]{.smallcaps} D[ust in]{.smallcaps} A[nimal]{.smallcaps} H[ouses]{.smallcaps} {#s0002-0001-0002}

Sources of airborne dust include feed, animal skin and feather debris, feces, litter, microorganisms, pollen, and insect parts (Aarnink et al., [@cit0003]; Donham et al., [@cit0068]). The contribution of these sources to airborne dust varies, depending on the animal species and the housing system. Heber et al. ([@cit0116]) reported that the main source of airborne dust in pig houses was feed, which is consistent with the findings of Donham et al. ([@cit0068]) and Aarnink et al. ([@cit0003]). Muller and Wieser ([@cit0189]) found that 55--68% of the airborne dust in floor layer systems with litter originated from the bedding materials in litter, while 80--90% of the airborne dust in layer systems with battery system originated from feedstuff ([Table 1](#T0001){ref-type="table"}). In floor systems with wood shavings as litter for three-week old broilers, Aarnink et al. (1999) found that airborne dust mainly (\>10%) originated from down feathers and urine components. The contribution of feed to the airborne dust largely depends on its composition and how it has been processed (Pearson and Sharples, [@cit0200]M; e.g., crumbles or pellets). The contribution of feces is probably related to the housing system (e.g., with or without litter \[straw bedding vs. liquid manure\]). [Table 1](#T0001){ref-type="table"} lists the main sources of dust and gives an estimation of their contributions. Table 1Sources of airborne dust in animal housesAnimalHousing typeSourceContributionReferenceLayersFloor housing with litterBedding material in litter55--68%(Muller and Wieser,  Feathers2--12% 1987)  Excrement2--8% LayersBattery housingFeed80--90%(Muller and Wieser, [@cit0189])  Feathers4--12%   Excrement2--8% BroilersFloor housing with litterFeathers\>10%(Aarnink et al., [@cit0003])  Crystalline dust\>10%   Feed, microorganisms\<1% Rearing pigsPartially slatted floorsFeed\>10%(Aarnink et al., [@cit0003])  Skin particles\>10%   Feces, crystalline dust1--3% 

2.2. Species of Airborne Microorganisms {#s0002-0002}
---------------------------------------

A large fraction of the airborne microorganisms in livestock production systems are bacteria, of which the most dominant are Gram-positive bacteria, accounting for approximately 90% of the bacterial flora (Zucker et al., [@cit0296]). The most common species of these Gram-positive bacteria are *Staphylococcus*, *Streptococcus*, and *Enterococci* (Clark et al., [@cit0043]; Hartung, [@cit0110]; Matkovic et al., [@cit0176]). The Gram-negative bacteria account for only a small fraction of airborne bacteria (Zucker et al., [@cit0296]). Bakutis et al. ([@cit0015]) reported that in terms of the total bacterial count, the proportion of Gram-negative bacteria was approximately 10% in cattle houses, 4.9% in pig houses, and 2.6% in poultry houses. Zucker et al. ([@cit0296]) found that the airborne Gram-negative bacteria in pig and cattle houses were aerobic and include *Enterobacteriaceae*, *Pseudomonadaceae*, and *Neisseriaceae*; no culturable obligate anaerobic Gram-negative bacteria were isolated. Possible reasons for the smaller proportion of airborne Gram-negative bacteria in livestock production systems are that their excretion by animals is less than their counterparts and these bacteria are more vulnerable to environmental stress such as oxidation, radiation, and dehydration, probably because of their thinner cell walls (Pal et al., [@cit0199]; Theunissen et al., [@cit0244]). The proportion of fungi, molds, and yeasts in the airborne microbial flora in animal houses is low (Hartung, [@cit0110]; Lee et al., [@cit0159]). The most frequently reported fungi in poultry, pig, and dairy houses are *Aspergillus sp.*, *Alternaria sp.*, *Cladosporium sp.*, *Penicillium sp.*, *Fusarium sp.*, *Scopulariopsis sp.*, and yeast (Chang et al., [@cit0039]; Cormier et al., [@cit0045]; Martin et al., [@cit0175]; Matkovic et al., [@cit0176]; Vittal and Rasool, [@cit0258]; Wilson et al., [@cit0270]).

2.3. Size Distribution of Airborne Microorganisms and Dust {#s0002-0003}
----------------------------------------------------------

The size of an airborne particle determines its transportation, sedimentation, and resuspension, as well as its deposition in the respiratory tracts of recipients. Investigations of the size distribution of microorganisms and dust in livestock production systems may provide a useful overview of their quantitative importance, indicate the health risk for human and animals, and facilitate the establishment and evaluation of control techniques.

According to interests by different scientific sectors, sizes of airborne particles are differently categorized. For concerns in occupational health, particle sizes are categorized into three categories: inhalable (\<100 μm), thoracic (\<10 μm), and respirable (\<4 μm or 5 μm; Cambra-Lopez et al., [@cit0037]; Curtis et al., [@cit0052]; Madelin and Wathes, [@cit0173]; Zhang, [@cit0286]). In environmental science, recent research is increasingly focusing on dust with aerodynamic diameter smaller than 10 μm (PM~10~) and 2.5 μm (PM~2.5~). The size distribution of airborne dust has been expressed either in mass or in counts.

Zhao et al. ([@cit0288]) found that in three pig houses about 73--95% of the airborne bacteria were in the nonrespirable range ([Figure 1](#f0001){ref-type="fig"}). A similar result was reported by Curtis et al. ([@cit0052]): nonrespirable bacteria accounted for approximately 78--89% of the airborne bacteria in pig houses. The size distribution of microorganisms in poultry houses depends on the type of housing system. In broiler rooms with wood-shaving litter, most of the bacteria were nonrespirable in the full life cycle of broilers (eight weeks); a similar distribution pattern was found in broiler rooms with raised netting floor only after the birds were older than six weeks. When the birds were two to five weeks old, the proportions of airborne respirable and nonrespirable bacteria were similar (Madelin and Wathes, [@cit0173]). Figure 1Size distribution of airborne bacteria in the exhaust air from three commercial fattening pig houses measured with an Andersen Six Stage viable bioaerosol sampler (Zhao et al., [@cit0288]).

Heber et al. ([@cit0116]) reported that nonrespirable particles (\>4 μm) in pig houses accounted for more than 80% in mass, but less than 30% in terms of count. Expressed as percentage of total dust, Lai et al. (2010) found the mass of PM~10~ was 30--54% in pig houses, 41--69% in poultry houses, and 36% in cattle houses. In all three types of house, PM~10~ count was more than 99% of the total dust. The equivalent figures for PM~2.5~ mass were 1--3% in pig houses, 2--8% in poultry houses (2009), and 5% in cattle houses. For PM~25~ counts the figures were 90--99% in pig houses, 88--92% in poultry houses and 99% in cattle houses. The difference in the mass and numeric size distribution is caused by the fact that small dust particles contribute little to mass.

That more microorganisms and less dust particles are found in the nonrespirable range indicates that a nonrespirable dust particle is more likely to be loaded with microorganisms than a respirable one. This is a reasonable hypothesis, because the larger a particle is, the greater the chance it may contain microorganisms. Nowadays, the size distribution of airborne microorganisms is normally determined with the Andersen stage impactor (Andersen, [@cit0010]; Zhao et al., [@cit0288]). This sampler actually gives the counts of particles (in seven different size ranges) that contain microorganisms. In some cases, for instance a biosecurity assessment for occupational health, it is more important to quantify the individual microorganism in the collected particles rather than the microbial-containing particles themselves, because the former will give a better idea of the risk of infection. For this purpose, predetachment of microorganisms from dust particles (Zhao et al., [@cit0290]) or visually microbiological counting techniques (Yamaguchi et al., [@cit0278]) may be required.

2.4. Concentrations of Airborne Microorganism and Dust {#s0002-0004}
------------------------------------------------------

Concentrations of airborne microorganisms and dust in livestock production systems have been investigated in previous studies (Kim et al., [@cit0148]; Radon et al., [@cit0211]; Zhao et al., [@cit0288]). Due to the huge spatial and temporal variations in microorganism and dust concentrations and the difference in sampling techniques used, it is difficult to compare the data between studies. So far, the studies by Seedorf et al. ([@cit0224]) and Takai et al. ([@cit0240]) still provide the most representative concentration data on microorganisms and dust in livestock production systems, and sampling methods were detailed in the publications by Phillips et al. ([@cit0205]) and Wathes et al. ([@cit0264]). These data are summarized in [Table 2](#T0002){ref-type="table"}, together with the PM~10~ and PM~2.5~ concentration measured by Lai et al. ([@cit0156]). For microorganisms, the highest concentrations of airborne bacteria and fungi were found in broiler houses. The concentrations found in layer, pig and cattle houses were lower than those in broiler houses, but still much higher than those in ambient air (Wang et al., [@cit0260]). For dust, the highest dust concentrations were found in poultry houses, and the lowest dust concentrations were in cattle houses. Table 2Concentrations of airborne microorganisms and dust in livestock production systems Bacteria^\[a\]^Fungi^\[a\]^Inhalable Dust^\[b\]^Respirable Dust^\[b\]^PM~10~^\[c\]^PM~2.5~^\[c\]^Animallog CFU m^−3^log CFU m^−3^mg m^−3^mg m^−3^mg m^−3^mg m^−3^Broiler6.44--53.8--10.40.42--1.140.9--2.40.04--0.09Layer4--53--41.0--8.80.03--1.265.9--6.10.25--0.29Pig5.13.70.6--5.10.09--0.460.2--2.00.01--0.07Cattle4.33.80.1--1.20.03--0.170.10.01[^1]

2.5. Factors Affecting Concentrations of Airborne Microorganisms and Dust in Livestock Houses {#s0002-0005}
---------------------------------------------------------------------------------------------

The concentrations of airborne microorganisms and dust in animal houses are affected by animal, housing system and management. In this section, these factors are discussed separately, but one should realize that these factors always interactively affect the concentration because they are intercorrelated. For instance, animal activity is associated with animal age, weight, and light schedule, and ventilation rate is affected by outdoor and set-point temperature, humidity, and animal species and age.

### 2.5.1. A[nimal]{.smallcaps} {#s0002-0005-0001}

The animal factor can be further detailed into subfactors such as age, weight, activity, and stocking density. The concentrations of airborne microorganisms and dust generally increase concomitantly with animal age and weight (Hinz and Linke, [@cit0127]; Predicala et al., [@cit0207]; Yoder and Van Wicklen, 1988). However, an inverse relationship has also been found. Madelin and Wathes ([@cit0173]) found a decrease of microorganisms and dust concentrations in the late fattening period of broilers. A similar result was reported by Saleh et al. ([@cit0218]). The decrease in concentration of microorganisms and dust is probably because the older broilers occupied all the floor space, which limited their activity.

In general, higher concentrations of bacteria, fungi, and dust are measured when the animals are more active, as can be inferred from the finding that their concentrations were higher in day time than at night (Seedorf et al., [@cit0224]; Takai et al., [@cit0240]). Image and infrared technology allows animal activity to be automatically detected (Gloster et al., [@cit0097]; Pedersen and Pedersen, [@cit0201]). Using an infrared detector, Haeussermann et al. (2007) demonstrated that the indoor concentrations of PM~10~ were associated with pig activity. A similar study by Heber et al. ([@cit0115]) showed that both total dust and PM~10~ were correlated with the pig activity. However, Gloster et al. (2007) failed to establish the correlation between the concentration of airborne FMD virus and pig activity quantified by taking sequential pictures. The reason is not clear, but the authors explained that the virus production appears to be more closely associated with other factors (e.g., physiological symptoms; Gloster et al., [@cit0097]). Hardly any other information is available on the relation between quantified animal activity and concentrations of microorganisms.

### 2.5.2. H[ousing]{.smallcaps} S[ystem]{.smallcaps} {#s0002-0005-0002}

Compared to a cage system, an aviary system contained higher concentrations of microorganisms (de Reu et al., [@cit0058]) and dust (Appleby and Hughes, [@cit0012]). This is because in an aviary system, laying hens have more scopes for moving horizontally and vertically and perform dust bathing behavior in the litter. Housing systems with bedded floors caused more air quality problems, although such housing systems are generally thought to be more beneficial for animal welfare (Kim et al., [@cit0148]; Madelin and Wathes, [@cit0173]; Quarles et al., [@cit0209]). The type of bedding material also affects the concentration of microorganisms in the air. For instance, in broiler houses, straw bedding released less bacteria in the air than wood shavings did (Banhazi et al., [@cit0017]). The authors argued that this was probably because wood shavings provided a better microenvironment for bacteria viability and multiplication.

Comparisons of dust concentrations between natural and mechanical ventilation systems showed that with mechanical ventilation, less respirable (Phillips, [@cit0204]) and total dust was found in pig houses (Chiba et al., [@cit0040]) and there was less total dust in turkey houses (Janni and Redig, [@cit0138]). By contrast, concentrations of total bacteria and fungi were lower in naturally ventilated pig houses without bedding materials (deep-pit manure system with slats, and manure removal system by scraper) than in mechanically ventilated houses. The contradictory results found for the effect of type of ventilation (natural or mechanical) on microorganisms and dust are not fully understood, but it seems likely that the situations (including the management) of the ventilation systems vary between the different studies, making the data less comparable.

### 2.5.3. M[anagement]{.smallcaps} {#s0002-0005-0003}

Feed management may play an important role in dust concentration in livestock production systems. Previous studies have shown that dust concentrations were reduced by giving pelleted feed rather than powdered feed, wet feed rather than dry feed, and coated feed rather than uncoated feed (Clark and McQuitty, [@cit0042]; Pearson and Sharples, [@cit0200]; Zeitler et al., [@cit0284]). The effect of feeding management on airborne microorganism concentration has not been extensively studied.

Maintaining good hygiene in livestock production systems may help to improve the air quality with respect to microorganisms and dust. For instance, cleaning (e.g., removing litter, scrubbing surfaces, and disinfecting the house) between two production circles may reduce both airborne microorganisms and dust (Banhazi et al., [@cit0017]). Investigations of the relation between hygiene and air quality have found they are not always positively correlated. Duchaine et al. ([@cit0076]) reported that a housing system that appeared cleaner contained more airborne bacteria than one that appeared dirtier. The probable explanation is that houses with more settled dust on the surfaces are more readily ranked as dirtier, but dust accumulated on surfaces is not an appropriate indicator of the concentration of bacteria in the air.

Ventilation management (e.g., adjusting the rate at which indoor air is exchanged with outdoor air by mechanical ventilation systems) is to control the temperature and other aerial variables such as humidity and gas concentrations inside livestock houses. Previous studies have shown that lower concentrations of microorganisms and dust can be achieved by increasing the ventilation rate in livestock production systems (Duchaine et al., [@cit0076]; Hinz and Linke, [@cit0127]; Kim et al., [@cit0149]). However, a nonsignificant correlation between these variables has also been reported in livestock production systems (Banhazi et al., [@cit0018]; Seedorf et al., [@cit0224]). The probable reason for these contradictory findings is that ventilation affects the concentration of microorganisms and dust in two ways: by exhausting airborne microorganisms and dust to outdoors through air exchange, thereby reducing their indoor concentrations, and by producing airflow turbulence above surfaces, agitating the particles and causing them to suspend in the air, thus compromising the removal effect. Smaller airborne particles seem to be more effectively removed from livestock houses by ventilation than bigger particles (Kuehn, [@cit0154]) because they are readily transported in the air streams.

A high relative humidity in the air reduced the dust concentration in livestock production systems (Guarino et al., [@cit0104]). In humid environments, the dust particles bind to the surface and are not easily suspended, and those in the air aggregate and to settle faster (Heber et al., [@cit0117]; Takai et al., [@cit0240]). In contrast, humidity seems not to affect the concentrations of total and Gram-negative bacteria (Attwood et al., [@cit0013]; Banhazi et al., [@cit0018]; Nicks et al., [@cit0192]). A high humidity favors survival and/or multiplication of dehydration-sensitive microbial species in the sources (de Rezende et al., 2001), which might trade off the physical settlement of airborne microorganisms. Experimental validation of this hypothesis is of importance, because it may strengthen the understanding of the interaction between airborne microorganism concentration and air humidity. This will help to formulate effective air humidification strategies for reducing both, dust and microorganisms, instead of achieving one by compromising the other. This information will also be valuable for understanding the bioenvironment in livestock houses where air humidification (e.g., water spray and evaporation cooling pad) is used to ameliorate animal heat stress in summer time (Brown-Brandl et al., [@cit0031]; Tao and Xin, 2003).

Indoor temperature management is well regulated for the poultry and pig industries, to optimize productivity. Al Homidan et al. (1997) reported that the total dust in broiler rooms increased when the temperature was set 2°C above the recommended level. The correlation between dust concentration and temperature reverses from positive to negative when the temperature is extremely high, apparently because animal activity decreases at high temperature and thus fewer particles from surfaces are disturbed and suspended (Donkoh, [@cit0069]; Guarino et al., [@cit0104]; Wylie et al., [@cit0277]). As well, a high temperature triggers a series of events that may affect the dust concentrations in livestock production systems, such as increasing the ventilation rate and activating wet cooling systems (Simmons and Lott, [@cit0228]). Although some researchers (Banhazi et al., [@cit0017]) have suggested there is a relation between the concentration of microorganisms and temperature, little information is available so far.

3.. DECAY OF MICROORGANISMS AND DUST IN THE AIR {#s0003}
===============================================

The decay of microorganisms and dust is a parameter that cannot be ignored in empirical and theoretical models of airborne transmission (Lighthart and Frisch, [@cit0164]; Yu et al., [@cit0283]); it may help when assessing health impacts from exposure. The term "decay" encompasses both physical and biological means. Physical decay is the physical elimination of a particle from the air by means of a series of processes such as gravitational sedimentation, impaction and electrostatic precipitation; biological decay is the loss of biological activity of an airborne microorganism owing to loss of enzyme activities or denaturing of membrane phospholipids, proteins or nucleic acids (Cox, [@cit0049]). For biological decay, the situation may be more complicated in some cases when the microorganisms go into a viable but nonculturable (McKay, [@cit0182]; Oliver, [@cit0195]; Trevors, [@cit0249]) or dormancy state (Locey, [@cit0168]). It is clear that physical decay applies to the elimination of dust particles, whereas both physical and biological decay apply to airborne microorganisms.

3.1. Physical Decay {#s0003-0001}
-------------------

Mechanisms affecting physical decay of particles are listed in [Table 3](#T0003){ref-type="table"}. In reality, these mechanisms may have collective effect on a particle, but the dominant mechanism varies mainly with particle size (e.g., decay of larger particles is prone to drive by gravimetric sedimentation whereas decay of smaller particles is mainly determined by diffusion (Abadie et al., [@cit0005]; He et al., [@cit0114]). Physical decay can be quantified by the rate of deposition (deposition rate loss coefficient or deposition velocity; Deshpande et al., [@cit0063]). Lai ([@cit0155]) reviewed the deposition rate for particles ranging from 0.01 to 10 μm and found it had a U-shaped pattern. The lowest deposition rate was found for particles ranging from 0.1 to 1 μm because particles in this range were less affected by either sedimentation or diffusion than their counterparts do. Besides particle size, deposition rate is affected by other factors such as room furnishing and air speed. Thatcher et al. ([@cit0243]) found increasing surface area (provide more furniture) and air speed (by means of elevating ventilation rate) increased the deposition rate of particles (0.5--10 μm) in an experimental room. Table 3Mechanisms associating physical decay of microorganisms and dustMechanismDefinition^\[a\]^ReferenceAdvection The mean transport of a particle by the mean motion of the atmosphere, and occurs when the spatial gradient is nonzero and the particle is transported along the mean wind(Baldocchi et al., [@cit0016])Brownian diffusionThe process of mass transfer of particles brought about by a random molecular motion (Brownian motion) and associated with a concentration gradient(Vaithiyalingam et al., [@cit0255])ThermophoresisThe motion of a particle under the influence of a temperature gradient(Langer and Holcombe, [@cit0157])Gravitational sedimentationThe separation of dispersed particles from gaseous phase under action of gravity(Wunsch, [@cit0276])ImpactionThe deposition of particles due to their momentum causing them to deviate from airflow streamlines and impacting at bifurcations(Katz et al., [@cit0141])Electrostatic precipitationThe use of an electrostatic field for precipitating or removing charged particles from a gas flow in which the particles are carried(Shen and Pereira, [@cit0226])[^2]

3.2. Biological Decay {#s0003-0002}
---------------------

The biological decay of airborne microorganisms has been expressed in different ways (e.g., decay rate \[or death rate\], survival, or half-life). The decay rate is the decrease in concentration of viable microorganisms over time. A proportionality constant (*k*) indicates the extent of decay rate, and is shown in [equation 1](#m0001){ref-type="disp-formula"}, where *C~o~* is the initial concentration of airborne microorganisms, *C~t~* is the concentration of microorganisms at time *t* after initial (Phillips et al., [@cit0203]). The survival represents the percentage of viable microorganisms left at a certain moment vis-à-vis the initial microbial count (Wu, [@cit0274]). The half-life, *t~1/2~*, is the time taken for the concentration of viable microorganisms in the air to decrease by half (see [equation 2](#m0002){ref-type="disp-formula"}). Previous studies showed that the biological decay of airborne microorganisms was species-dependent and was determined by many external factors, such as humidity, oxygen concentration, temperature, ozone concentration, radiation (UV, γ-ray, X-ray), air ions, and air pollutants (CO, SO~2~, and NO~x~; Benbough, 1971; Lighthart, [@cit0163]). $$\begin{array}{r}
{k = \frac{\log\left( {C_{0}/C_{t}} \right)}{t}} \\
\end{array}$$$$\begin{array}{r}
{t_{1/2} = \frac{\left( {\log 2} \right) \times t}{\log\left( {C_{0}/C_{t}} \right)}} \\
\end{array}$$

3.3. Environmental Factors Affecting Biological Decay {#s0003-0003}
-----------------------------------------------------

For long distance airborne transmission between farms, microorganisms may be exposed to unfavorable environmental conditions that induce death or dormancy of microorganisms (Lennon and Jones, [@cit0160]; Locey, [@cit0168]; Wu et al., [@cit0275]). In this section we present an introduction of several environmental factors and their working mechanisms on biological decay of microorganisms.

The effect of humidity on the biological decay of airborne microorganisms has been investigated since the 1950s. In the early studies, the measure most used for humidity was relative humidity (RH; the ratio of the actual water vapor pressure of the air to the water vapor pressure of saturated air at a certain temperature). The results of these studies showed that different microorganisms were prone to decay either at low RH (Lighthart, [@cit0163]), at median RH (Wright et al., [@cit0273]), or at higher RH (Songer, [@cit0229]; Theunissen et al., [@cit0244]). More recently, a few studies have used absolute humidity (AH; the actual water content of the air) as another measure of humidity. For instance, Shaman and Kohn ([@cit0225]) reported that the survival of airborne influenza virus was more significantly constrained by AH than by RH. The authors argued that RH is a meaningful physical quantity and for certain organisms may affect biological response; however, the AH can be of greater biological significance for many organisms. Some studies reported significant effects of other measures of humidity, such as evaporation potential (EP; the difference between actual water vapor content in the air and the water vapor content in saturated air at the same temperature), on microbial survival (Zhao et al., [@cit0289]). Although a bunch of studies have been carried out, it is not yet fully understood how humidity influences microbial decay.

Temperature profoundly affects the biological decay of airborne microorganisms. In general, the higher the ambient temperature is, the faster the microorganisms decay. For instance, the decay rate of *Flavobacterium sp.* is 0.007 log min^−1^ at --2 to 24°C, but increases to 0.017 log min^−1^ at 29 to 49°C (Ehrlich et al., [@cit0078]). A faster decay at higher temperature has also been reported for other microbial species, such as *E. coli*, *S. marcescens* (Ehrlich et al., [@cit0079]), and Newcastle disease virus (Kournikakis et al., [@cit0152]). Prescott et al. ([@cit0208]) have stated that high temperature may damage microorganisms either by denaturing the enzymes, transport carriers, and other proteins, or by melting and disintegrating the lipid bilayer, or both.

The ambient environment is full of various types of radiation, including UV (10--400 nm) and visible light (400--750 nm), which may inactivate the microorganisms. The wavelength of UV between 10 nm and 120 nm has the highest energy, but this type of UV is blocked by normal dioxygen in air and cannot reach the ground. The rest of UV radiation, from low to high energy, is categorized as UV-A (320--400 nm), UV-B (280--320 nm), and UV-C (100--280 nm), of which UV-C is considered to be the most germicidal. The UV-C wavelength between 250--270 nm can be effectively absorbed by microbial genetic material, and is the UV wavelength most lethal to microorganisms (Keyser et al., [@cit0144]). The germicidal effect of UV-C light on bacteria and viruses is primarily due to the formation of pyrimidine (thymine and cytosine) dimers that inhibit the replication and function of genetic material (Giese and Darby, [@cit0095]; Prescott et al., [@cit0208]). Bacteria decay more readily under UV radiation than RNA viruses (Harris et al., [@cit0109]; Hijnen et al., [@cit0125]). The probable reason for this is that the thymine of bacterial DNA is more vulnerable to dimerization induced by UV than the uracil of viral RNA. The mechanism whereby UV-A and UV-B (also called near-UV) inactivates microorganisms is suspected to be the breaks in strands of genetic materials that are induced by the UV itself and toxic tryptophan photoproducts (Prescott et al., [@cit0208]). Visible light may also damage microorganisms. Microbial pigments become excited when they absorb light energy, and are transferred to O~2~, generating singlet oxygen (^1^O~2~), which is a highly reactive oxidant (Valduga et al., [@cit0256]). As a self-protecting mechanism, some microorganisms may possess carotenoids that can absorb the excitation energy and reduce the formation of singlet oxygen, thus preventing cells from being damaged by light radiation (McCambridge and McMeekin, [@cit0179]).

Oxygen may accept electrons forming other toxic derivatives such as superoxide radical, hydrogen peroxide, and hydroxyl radical, which may easily destroy the cellular constituents. Many aerobic microorganisms contain enzymes such as superoxide dismutase and catalase, which protect the cell against oxidation by the derivatives; all the strictly anaerobic microorganisms lack these enzymes (Prescott et al., [@cit0208]). The effect of oxygen level on decay of airborne *Serratia marcescens* 8UK and *E. coli B* was studied by Cox ([@cit0049]), who reported that oxygen was toxic for these microorganisms only when RH was lower than 70%. The toxicity increased with oxygen concentrations up to 30%; higher concentrations produced no additional toxicity. This finding was generally in agreement with other similar studies (Benbough, [@cit0022]; Hess, [@cit0122]). Viruses seem to be less sensitive to oxygen than bacteria. The decay of airborne viruses that included Semliki Forest virus, Langat virus, T7 coliphage, Poliovirus, and Encephalomyocarditis virus was no different whether they were aerosolized in the air or in nitrogen (Benbough, [@cit0023]; de Jong et al., 1975).

Bacteria exposed to ozone (O~3~) may be inactivated due to damage to the cell surface (Giese and Christensen, [@cit0094]; Scott and Lesher, [@cit0222]) and destruction of the intracellular enzymes, protein and genetic material (Barron, [@cit0020]; Ingram and Haines, [@cit0136]; Kim et al., [@cit0145]). Ozone may damage the viral nucleic acids of viruses and alter the polypeptide chains of the viral protein coat (de Mik and de Groot, 1977; Kim et al., [@cit0145]; Roy et al., [@cit0215]). Investigations of the ozone effect on decay of airborne microorganisms showed that fungi seemed more resistant to ozone than bacteria; Gram-positive bacteria were more resistant than Gram-negative ones (Heindel et al., [@cit0118]; Kowalski et al., [@cit0153]). Ozone alone can be toxic to airborne microorganisms; however, its toxicity is enhanced when ozone reacts with compounds in the ambient air, known as open air factors (OAF). Studies have shown that mixture of ozone with olefins (de Mik et al., [@cit0057]; Druett and Packman, [@cit0073]) and ozone with negative air ions (Fan et al., [@cit0089]) are more toxic to airborne microorganisms than ozone alone.

The dust particles to which microorganisms adhere may protect them from biological decay. When microorganisms are carried by the dust, they may suffer less radiation and exposure to toxic gas, and less fluctuation in micro-climate (Milling et al., [@cit0184]). It has been found that individual bacteria are effectively inactivated by ozone; however, when these bacteria were covered with a coating of organic matter, as a bio aerosols, ozone in permissible concentration had no effect (Elford and van den Ende, 1942). As well as providing physical protection, the composition of dust particles might give bio-chemical support to microorganisms. In order to metabolize, microorganisms require carbon, oxygen, nitrogen, phosphorus, sulfur, and other elements (Maus et al., [@cit0177]). Compounds containing these elements are abundant in airborne dust from livestock production systems (Aarnink et al., [@cit0003]; Muller and Wieser, [@cit0189]). An interesting hypothesis is that microbial decay in particles differs, depending on the composition of the particles. Actually, in some laboratory experiments, it appears that decay of microorganisms differs as they are aerosolized from liquid suspensions with different chemical compounds. (Benbough, [@cit0023]; Hess, [@cit0122]).

3.4. Studies on Biological Decay {#s0003-0004}
--------------------------------

There have been extensive studies on the biological decay of microorganisms at different temperature and RH levels, using aerosol experiments. In these experiments, microorganisms were aerosolized in airspace that was sampled at certain intervals. The biological decay was indicated by the amounts of collected microorganisms at different sampling moments. The results of selected studies are summarized in [Tables 4](#T0004){ref-type="table"} and [5](#T0005){ref-type="table"}. The selection of references follows the procedures and screening criteria as below: first, all references related to biological decay of any species of airborne microorganisms were searched in literature databases (Web of Science, Scopus, Google Scholar); second, only references in which biological decay was investigated by excluding confounding effect of physical decay (e.g., using inert tracers or labeled microorganisms) were selected; third, due to the fact that some microorganisms showed a biphase biological decay (with a fast initial decay rate in the first few seconds or minutes after aerosolization, followed by a slow secondary decay) and the airborne transmission concerned is long distance and time (Brankston et al., [@cit0027]; Cox, [@cit0048]; Songer, [@cit0229]; Webb, [@cit0265]), only the secondary biological decay is presented in the tables. The tables show the highest biological decay at the least favorable temperature/RH, and the lowest biological decay at the most favorable temperature/RH. The values of biological decay have been presented in three ways: decay rate, survival and half-life. By reviewing the results in [Tables 4](#T0004){ref-type="table"} and [5](#T0005){ref-type="table"}, it proofs that the biological decay largely varies between the microbial species and is profoundly affected by temperature and RH. Table 4Biological decay of bacteria under different relative humidity (RH) and temperature (Temp)BacteriaRH levels involved (%)Temp levels involved (°C)H/L^\[a\]^Extreme RH for decay (%)Extreme Temp for decay (°C)DecaySurvival ^\[b\]^Half-lifeReference*Chlamydia pneumoniae*5, 50, 958.5, 15, 25, 35H5035---0% (1.5)---(Theunissen et al., [@cit0244])   L9515, 25---\>10%\* (5.5)---  32--8715, 30H\<50%30------3 min(Wathes et al., [@cit0263])   LHigh RH15------83 min *E. coli* (lyophilized)20\*--100\*26.5H50\*, 90\*--100\*26.5---0.9\*--2\*% (30)---(Cox, [@cit0047])   L20\*26.5---20\*--30\*% (30)--- *Flavobacterium*25, 45, 65, 85, 9924H99242.6% min^−1^------(Ehrlich et al., [@cit0078])   L85241.3% min^−1^------  85, 100--40,--18, --2, 24, 29, 38, 49H8549\<0.01% min^−1^------(Ehrlich et al., [@cit0078])   L100−40,--184.7% min^−1^------ *Legionella pneumophila* strain 74/8130, 60, 9020H6020-\<1% (120)---(Dennis and Lee, [@cit0061])   L9020---\>10\*% (120)--- *Mycoplasma laidlawii*10, 25, 40, 50, 60, 75, 9027H4027---\<1% (300)---(Wright et al., [@cit0273])   L10, 9027---10\*--100\*% (60)--- *Mycoplasma gallisepticum*10, 25, 40, 50, 60, 75, 9027H50, 6027---0% (300)---(Wright et al., [@cit0273])   L1027---100%\* (60)--- *Mycoplasma pneumoniae*10, 25, 30, 40, 50, 60, 75, 80, 9027H60, 8027---0% (240)---(Wright et al., [@cit0272])   L1027---50% (240)--- *Pasteurella multocida*28, 40, 59, 7922.6H7922.6---2.1% (45)---(Thomson et al., [@cit0245])   L4022.6---8.9% (45)--- *Pasteurella tularensis*0\*--90\*26.8H50\*------0.2\*--0.3\*% (15)---(Cox and Goldberg, 1972)   L90\*------100%\* (15)---  20\*--95\*---H55------0.2\*--1\*% (15)---(Cox, [@cit0048])   L95\*------\>50%\* (15)--- *Pasteurella tularensis* (lyophilized)0\*--90\*26.8H81------0.4\*--0.6\*% (15)---(Cox and Goldberg, 1972)   L0\*------\>10\*% (15)---  20\*--95\*---H75------0.01^\*−^0.02\*% (15)---(Cox, [@cit0048])   L20\*------10\*--20\*% (15)--- *Pseudomonas fluorescens*23, 39, 60, 79---H79------0.01\*--0.1\*% (60)---(Handley and Webster, [@cit0106])   L39, 60------1\*--3.2\*% (60)--- *Rhizobium meliloti*30, 50, 70, 9520H3020---0.1\*--1\*% (300)---(Won and Ross, 1969)   L50, 70, 9520---\>10\*% (300)--- *Sarcina lutea*1/3, 23/27, 45/52, 73/76, 88/9615H1/3150.346 log% h^−1^------(Lighthart, [@cit0163])   L45/52150.001 log% h^−1^------ *Serratia marcescens*40, 9725H4025---2% (32)---(Hess, [@cit0122])   L97------100% (32)---  45/52, 73/76, 88/9615H45/52150.368 log% h^−1^------(Lighthart, [@cit0163])   L73.0/75.5150.057 log% h^−1^------ *Staphylococcus* no. 160039, 75---H75---0.0189 log min^−1^------(Strasters and Winkler, [@cit0236])   L39---0.0037 log min^−1^------ *Streptococcal* L-Forms20, 40, 60, 8027H4027---0% (30)---(Stewart and Wright, [@cit0234])   L2027---\>10\*% (240)--- [^3] Table 5Biological decay of viruses under different relative humidity (RH) and temperature (Temp)VirusRH levels involved (%)Temp levels involved (°C)H/L^\[a\]^Extreme RH for decay (%)Extreme Temp for decay (°C)DecaySurvival^\[c\]^Half-lifeReferenceBacteriaphage S-1320, 50, 8021H5021---0.1\*--1\*% (120)---(Dubovi and Akers, [@cit0075])   L8021---\>10\*% (120)--- Bacteriaphage MS-220, 50, 8021H5021---0.01\*--0.1\*% (120)---(Dubovi and Akers, [@cit0075])   L2021---1\*--10\*% (120)--- Bovine parainfluenza type 330, 906, 32H9032---0% (180)---(Elazhary and Derbyshire, [@cit0080])   L906---1.6--4.0% (180)--- Newcastle disease virus10, 35, 9023H3523---0.1\*--10\*% (90)---(Songer, [@cit0229])   L1023---\>10\*% (90)--- Infectious bovine rhinotracheitis virus10, 35, 9023H3523---0.1\*--10\*% (90)---(Songer, [@cit0229])   L9023---\>10\*% (90)--- Vesicular stomatitis virus10, 35, 9023H3523---1\*--10\*% (90)---(Songer, [@cit0229])   L1023---\>10\*% (90)--- E. coli B T3 bacteriophage10, 35, 9023H3523---0% (90)---(Songer, [@cit0229])   L9023---\>10\*% (90)--- Bovine rotavirus UK30, 50, 8020H8020------3 h(Ijaz et al., [@cit0133])   L5020------18 h Mouse rotavirus30, 50, 8020H8020------2 h(Ijaz et al., [@cit0133])   L5020------24 h Poliovirus type 1 Sarbin30, 50, 8020H30, 5020------n.r.(Ijaz et al., [@cit0134])   L8020------9 hs Human corona virus 229E30, 50, 806, 20H8020------3.3 h(Ijaz et al., [@cit0132])   L506------102.5 h Human rotavirus30, 50, 806, 20H806------1.7 h(Ijaz et al., [@cit0135])   L506------57.4 h Bovine rotavirus20, 50, 8010, 20, 30H50302.39 log h^−1^------(Moe and Harper, 1983)   L90100.03 log h^−1^------ E. coli B T3 coliphage8, 30, 50, 80, 9521H821---0% (240)---(Hatch and Warren, [@cit0111])   L9521---\>10\*% (240)--- Pasteurella pestis Bacteriophage20, 40, 50, 60, 72, 9521H40, 50, 6021---0.1\*--10\*% (240)---(Hatch and Warren, [@cit0111])   L20, 72, 9521---\>10\*% (240)--- Encephalomyoca-rditis Virus5\*--90\*10, 20, 30, 37H10\*--20\*37 0.001\*--0.01\*% (30--35)---(de Jong et al., 1975)   L80\*--90\*20 100\*% (30--35)--- Foot and Mouth disease virus O~1~ BFS 186020, 30, 40, 50, 60, 7019--22H2019--22---0.01\*--0.1\*% (5)---(Barlow and Donaldson, [@cit0019])   L50, 60, 7019--22---0.01\*--11\*% (5)---  55, 7018--23H5518--23n.c.------(Donaldson, [@cit0064])   L7018--233.15 log h^−1^------ Foot and Mouth disease virus O~2~ Brescia55, 7018--23H5518--23n.c.------(Donaldson, [@cit0064])   L7018--232.60 log h^−1^------ Foot and Mouth disease virus O~1~ Lombardy55, 7018--23H5518--23n.c.------(Donaldson, [@cit0064])   L7018--232.38 log h^−1^------ Foot and Mouth disease virus C Noville55, 7018--23H5518--232.90 log h^−1^------(Donaldson, [@cit0064])   L7018--231.88 log h^−1^------ Foot and Mouth disease virus A5 Eystrup55, 7018--23H5518--232.60 log h^−1^------(Donaldson, [@cit0064])   L7018--231.78 log h^−1^------ Foot and Mouth disease virus C Lebanon55, 7018--23H5518--232.40 log h^−1^------(Donaldson, [@cit0064])   L7018--231.43 log h^−1^------ Foot and Mouth disease virus A22 Iraq55, 7018--23H5518--233.28 log h^−1^------(Donaldson, [@cit0064])   L7018--231.25 log h^−1^------ Foot and Mouth disease virus O1 Pacheco55, 7018--23H5518--232.05 log h^−1^------(Donaldson, [@cit0064])   L7018--231.06 log h^−1^------ Influenza virus20/25, 34/36, 49/51, 64/65, 81/827.0/8.0, 20.5/24.0, 32.0H8132.0---0% (240)---(Harper, [@cit0107])   L23/257.0/8.0---61% (1380)--- Vaccinia virus17/20, 48/51, 80/8410.5/11.5, 21.0/23.0, 31.5/33.5H80/8331.5/33.5---0% (1380)---(Harper, [@cit0107])   L2010.5/11.5---66% (1380)--- Venezuelan equine encephalomyelitis virus19/23, 48/50, 81/869.0/9.5, 21.0/23.0, 32.0/ 33.0H81/8532.0/33.0---0% (360)---(Harper, [@cit0107])   L199.0/9.5---26% (1380)--- Poliomyelitis virus18/23, 35/36, 49/51, 64/65, 80/8120.5/23.5H49/5120.5/23.5---0% (360)---(Harper, [@cit0107])   L80/8120.5/23.5---85% (1380)---  20, 80---H20------2.5% (60)---(Benbough, [@cit0023])   L80------53% (60)--- Japanese B Encephalitis Virus30, 55, 8024H8024------28 min(Larson et al., [@cit0158])   L3024------62 min Langat virus20, 80---H80------10% (60)---(Benbough, [@cit0023])   L20------52% (60)--- Semliki Forest virus20, 80---H80------51% (60)---(Benbough, [@cit0023])   L20------67% (60)--- E. coli B T7 coliphage20, 80---H20------0.05% (60)---(Benbough, [@cit0023])   L80------57% (60)--- Lassa virus Josiah30, 55, 8024, 32, 38H80326.9% min^−1^0.3% (60)10.1 min(Stephenson et al., [@cit0233])   L30241.3% min^−1^16.9% (60)54.6 min Pseudorabies virus55, 854, 22H8522------17.4 min(Schoenbaum et al., [@cit0220])   L554------43.6 min Newcastle disease virus20/30, 50, 8010, 15, 20, 25, 30H8025, 30---8% (360)---(Kournikakis et al., [@cit0152])   L20/3010---56% (360)--- Porcine reproductive and respiratory syndrome virus5--905--41H63.830------3.3 min(Hermann et al., [@cit0121])   L17.15------192.7 min Psittacosis agent30, 50, 8026.7H8026.76.73% min^−1^------(Mayhew and Hahon, [@cit0178])   L3026.70.64% min^−1^------ Reovirus type 1 Lang25/35, 45/55, 65/75, 85/9521/24H65/75, 25/3521/243.2--3.3% min^−1^------(Adams et al., [@cit0006])   L85/9521/241.5--2.5% min^−1^------ Yellow fever virus30, 50, 8026.7H5026.77.04% min^−1^------(Mayhew and Hahon, [@cit0178])   L3026.73.26% min^−1^------ Variola virus30, 50, 8026.7H3026.70.86% min^−1^------(Mayhew and Hahon, [@cit0178])   L8026.70.56% min^−1^------ Respiratory Syncytial Virus20, 30, 40, 50, 60, 70, 80, 9020.5H8020.51.49 log h^−1^------(Rechsteiner and Winkler, [@cit0212])   L2020.50.47 log h^−1^------ Rift Valley fever virus ZH-50130, 55, 8024H802410.1% min^−1^---6.9 min(Brown et al., [@cit0029])   L30240.9% min^−1^---77.0 min Rift Valley fever virus SA-5130, 55, 8024H80246.1% min^−1^---11.4 min(Brown et al., [@cit0029])   L30241.3% min^−1^---53.3 min Rotavirus SA1125, 50, 8020H8020------\<2 h(Sattar et al., [@cit0219])   L5020------40 h St. Louis encephalitis (SLE) virus29, 46, 60, 8021H8021---14^\[b\]^% (360)---(Rabey et al., [@cit0210])   L2921---79^\[b\]^% (360)--- Venezuelan equine encephalomyelitis virus30, 6022H6022---0.006--77.3% (60)---(Berendt and Dorsey, [@cit0024])   L3022---0.02--88.7% (60)--- Rhinovirus-1430, 50, 8020H30, 5020---\<0.25% (15)---(Karim et al., [@cit0140])   L8020---30% (1440)13.7 hs [^4]

Most of the previous studies have used wet aerosolization in which microbial suspensions were aerosolized. Wet aerosolization does mimic the fate of microorganisms expelled from animal respiratory tracts in wet aerosols. However, after they have been generated, the large wet aerosols containing microorganisms settle on surfaces and the small ones shrink into dry nuclei; both processes are very fast, taking only seconds to minutes (Kincaid and Longley, [@cit0150]; Sun and Ji, [@cit0237]; Wells, [@cit0269]). Therefore, the microorganisms in wet aerosols can only be transported over short distances and induce infections in limited areas (Brankston et al., [@cit0027]). For microorganisms released from dry sources such as feces and litter, which may be more closely associated with long distance transmission, dry aerosolization is recommended. Dry aerosolization may give a picture of the biological decay of microorganisms that differs from the decay in wet aerosolization because the microorganisms may suffer either dehydration stress at low ambient RH or rehydration at high ambient RH (Cox, [@cit0048]).

4.. DEPOSITION AND INFECTIVE DOSE {#s0004}
=================================

4.1. Particle Deposition in Respiratory Tract of Humans and Animals {#s0004-0001}
-------------------------------------------------------------------

According to Heyder et al. ([@cit0124]), the probability of deposition will be different for each particle even if all the particles in the air inhaled in one breath are identical, because the inhaled air with particles penetrates the respiratory tract to different depths where it remains for different periods of time, and because of the stochastic nature of particle transport. Therefore, particle deposition (in the respiratory tract) refers to the "mean probability" of an inspired particle being collected on airway surfaces. Particle deposition in the respiratory tract depends on particle characteristics (e.g., size, shape, density) and breathing pattern (e.g., nasal/oral breath, respiratory flow rate, cycle period), and is commonly expressed as a function of particle size.

Particle deposition in the human respiratory tract has been well documented (Brown et al., [@cit0030]; James et al., [@cit0137]; Lippmann et al., [@cit0166]). In principle, the deposition of particles is governed by the mechanisms of diffusion for particles \<0.1 μm, or by diffusion and sedimentation for 0.1--1 μm particles, or by sedimentation and impaction for particles \>1 μm (Heyder, [@cit0123]). On the basis of previous experimental studies, Heyder et al. (1986) developed a semiempirical deposition model for particles ranging from 0.005 μm to 15 μm. The model-simulated deposition pattern for slow inspiration over a long period for both oral and nasal breathing is shown in [Figure 2](#f0002){ref-type="fig"}. The deposition has been shown for three regions of the respiratory tract---extra-thoracic, bronchial, and alveolar---based on how far down the tract particles may be deposited. In addition, total deposition is given (the sum of the deposition in the three regions). It can be seen that the total deposition is least for particles of 0.1--1 μm, and that the deposition increases as the size of small particles (\<0.1 μm) decreases, and the size of the larger particles (\>1 μm) increases. Particles larger than 10 μm are mainly deposited in the extrathoracic region, and cannot penetrate the alveolar region during slow and fast oral and nasal inspiration. Figure 2Deposition of unit density spherical particles in human respiratory tract at a mean flow rate of 250 cm^3^ s^−1^ and a breathing cycle period of 8 s. Solid curves show the deposition curve for steady oral breathing, and dashed curves for steady nasal breathing. Deposition = 1 indicates all particles deposit, and deposition = 0 means no particle deposit at a certain region. Adapted from Heyder et al. ([@cit0124]).

The deposition in the human respiratory tract cannot be extrapolated to livestock because of the discrepancy in morphology of human and animal respiratory systems (Corbanie et al., [@cit0044]). Particle deposition in guinea pig head, trachea, and lungs was investigated by Harper and Morton ([@cit0108]). They found an increasing regional deposition in guinea pig head for larger particles: 35.7% of the 1 μm particles were deposited in the guinea pig head region, compared with 98.1% of the 10 μm particles. The reverse was true for lung deposition: 55.2% of 1 μm particles and 0.6% of 10 μm were deposited in this region. The particle size most deposited in the trachea was 2.5 μm. A model of particle deposition in the guinea pig respiratory tract was established by Schreider and Hutchens ([@cit0221]), who found that 99% of unit density particles of 10 μm or more could be deposited in the nasopharyngeal-tracheobronchial region ([Figure 3](#f0003){ref-type="fig"}). The lowest deposition was 10% for a particle size of 0.8 μm. About 17% of particles ranging from 0.08 to 4 μm could be deposited in the pulmonary region. However, this model was compromised by several assumptions that were made by the authors (e.g., laminar airflow in the respiratory tract, equal expansion of all lobes and alveoli, and complete mixing of the particles in the alveoli. Figure 3Deposition of unit density spherical particles in the respiratory tract of guinea pig at a tidal volume of 4.44 cm^3^ and a respiratory rate of 60 breaths min^−1^. NP-TB: nasopharyngeal-tracheobronchial region. P = pulmonary region. Adapted from Schreider and Hutchens ([@cit0221]).

Hayter and Besch ([@cit0113]) investigated the regional deposition of five particle sizes (0.091, 0.176, 0.312, 1.1, and 3.7 to 7 μm) in chicken. The particles deposited in the head and anterior trachea were in the 3.7--7 μm size range, those deposited in the lung and posterior air sacs were 1.1 μm size, and those deposited in the caudal regions of the birds were in the size classes 0.091 and 0.176 μm. Those of size 0.312 μm were deposited mainly in upper airways. These early data of particle deposition in chicken airways are suspected to be compromised by the use of anesthetized chickens, because anesthesia alters the animals' breathing pattern. Corbanie et al. ([@cit0044]) investigated the deposition of particles in a wider range (1, 3, 5, 10, and 20 μm) in unanaesthetized chickens of three ages. Unlike the definition of *deposition* that was proposed by Heyder et al. ([@cit0124]), Corbanie et al. ([@cit0044]) defined deposition as the percentage of particles deposited in a particular region of the respiratory tract among those in the entire tract. They found that particles larger than 5 μm were too large to be deposited in the lungs and air sacs in 2- and 4-week-old chickens, as low percentages of particles were recovered in these regions ([Figure 4](#f0004){ref-type="fig"}). For 1-day-old chicks, however, the particle deposition in lungs and air sacs was independent of particle size and even particles of 20 μm were deposited in the lower airway, possibly due to the chicks having a different breathing pattern than older chickens. Figure 4Deposition of fluorescent particles in the respiratory tract of 1-day-old (□), 2-week-old (○), and 4-week-old (Δ) broilers. NELTS = nose, eyes, larynx, trachea and syrinx. LT = lungs and thoracic air sacs. LTOC = lower beak, tongue, esophagus and crop. Adapted from Corbanie et al. ([@cit0044]).

The deposition pattern of monodispersed particles (3.3 μm) in calf airways was studied by Jones et al. (1987). They found those particles were preferentially deposited in the trachea and major bronchi.

4.2. Infective Dose {#s0004-0002}
-------------------

Inhalation of pathogens may result in infection of recipients. Infection is likely to fit a single-hit model, which means that one pathogenic microorganism may trigger an infection in a recipient. From this point of view, the infective dose (ID; or occurrence of infection) is therefore related to the probability that a recipient becomes infected after taking in a certain dose of pathogenic microorganisms, following a Poisson distribution. The ID of pathogenic microorganisms to human and animals has generally been expressed in two ways. In one way, ID is expressed as the number of infected recipients out of a population after a dose of microorganisms has been administered. The other way is to determine the microbial concentrations required to infect 50% of a population (ID~50~).

[Table 6](#T0006){ref-type="table"} lists the ID of several pathogenic microorganisms. The ID of the same microorganism varies, depending on the recipient animal species. For instance, a lower ID of FMD virus is needed to infect sheep and cattle than to infect a pigs (Alexandersen and Donaldson, [@cit0008]; Donaldson et al., [@cit0065]; Gibson and Donaldson, [@cit0093]). It can be also seen that a certain dose of a microorganism is not always capable of infecting all recipients, probably because of a difference in the resistance of individual recipients (due to e.g., age, breed; Roy, [@cit0216]). Furthermore, the route by which the microorganisms are administered may also be responsible for variation in ID (Cafruny and Hovinen, [@cit0035]; Zimmerman et al., [@cit0295]). In previous studies, the administration routes were either nasally or orally, or via aerosols, and these reflect different deposition situations and regions for microorganisms in the respiratory tract. Nasal administration simulates infection because larger microbial particles are deposited in the upper airways, the oral ministration may simulate oral breathing, and the aerosol administration simulates infection because smaller microbial particles are deposited in deeper airways. It was reported that the microorganisms had preferential sites for multiplication and infection because of the complex vulnerability of regions in respiratory tracts (Cafruny and Hovinen, [@cit0035]; Druett et al., [@cit0072]; Druett et al., [@cit0074]). This being so, infection occurs more readily when the microorganisms are administered to the more vulnerable region. Baskerville ([@cit0021]) summarized the preferred infection regions of some microorganisms to animals by categorizing nose, pharynx, and tonsils as the upper respiratory tract, and the trachea, bronchi and bronchioles, and alveoli as the lower respiratory tract ([Table 7](#T0007){ref-type="table"}). Table 6Infective dose (ID) of some pathogenic microorganismsMicroorganismIDRecipientAdministrationInfected/Total (or% infected)Reference*Campylobacter jejuni*90 CFU3-day chickensOrally9/10(Ruiz-Palacios et al., [@cit0217])*E. coli* (O157:H7)6000 CFU3-month pigs---6/8(Cornick and Helgerson, [@cit0046])*E. coli* (O157:H7)\<300 CFU10-week calvesOrally2/17(Besser et al., [@cit0026])*E. coli* (O157:H7)10^7^ CFU3-year steerStomach tube2/5(Cray and Moon, [@cit0051])*Salmonella typhimurium*1000 CFU10--14-day pigsIntranasal1/5(Loynachan and Harris, [@cit0169])*Salmonella enteritides*\<10 CFU\>52-week molted layersOrally50%(Holt, [@cit0130])*Salmonella enteritides*6500--56000 CFU\>52-week unmolted layersOrally50%(Holt, [@cit0130])FMD virus (strain O1 Lausanne)1700 TCID~50~20--30 kg pigsAerosol5/8(Alexandersen and Donaldson, [@cit0008])FMD virus (strain O~1~ BFS 1860)13--398 TCID~50~43--166 kg calvesAerosol10/12(Donaldson et al., [@cit0065])FMD virus (strain O~1~ BFS 1860)10--50 TCID~50~26--82 kg sheepAerosol7/12(Gibson and Donaldson, [@cit0093])FMD virus (strain SAT 2 SAR 3/79)25--251 TCID~50~118--150 kg calvesAerosol11/15(Donaldson et al., [@cit0065])PRRSV10 TCID~50~4--5-week pigsIntranasal2/3(Yoon et al., [@cit0282])Porcine rotavirus1 PFU2-hr pigletsPharynx2/2(Graham et al., [@cit0099])Encephalomyocarditis virus10^8.8^ TCID~50~4--6-week pigsIntranasal2/5(Zimmerman et al., [@cit0295])Influenza A/Texas/91 (H1N1) virus100000 TCID~50~18--33-year-old humansIntronasal24/33(Hayden et al., [@cit0112])Influenza A2/Bethesda/10/631--5 TCID~50~21--40-year-old manAerosol4/14(Alford et al., [@cit0009])Rotavirus0.9 FFU18--45-year-old manOrally1/7(Ward et al., [@cit0262])*Salmonella newport*150000 CFUHumanOrally1/6(McCullough and Eisele, [@cit0180])*Salmonella derby*1.5×10^7^ CFUHumanOrally3/6(McCullough and Eisele, [@cit0180])*Salmonella bareilly*13000 CFUHumanOrally1/6(McCullough and Eisele, [@cit0180])[^5] Table 7Initial infection region of microorganisms (Baskerville, [@cit0021])MicroorganismAnimalInfection region*Bordetella bronchiseptica*PigURT*Haemophilus spp.*PigURT*Pasteurella spp.*PigURT CattleURT SheepURT*Mycoplasma*PoultryURT PigURT CattleURTBovine herpesvirus-1CattleURTParainfluenza-3CattleURT SheepURTInfectious laryngo-tracheitis virusPoultryURTInfectious bronchitis virusPoultryURTAujeszky\'s disease virusPigURT*Aspergillus fumigatus* and other fungiPoultryLRTRespiratory syncytial virusCattleLRTAdenovirusesCattleLRT[^6]

5.. SAMPLING AIRBORNE MICROORGANISMS AND DUST IN LIVESTOCK HOUSES {#s0005}
=================================================================

Sampling protocols for dust in ambient air have been legislated by the U.S. Environmental Protection Agency (2006) and the European Committee for Standardization (European Commission, 1998, 2005). Nowadays, the official sampling protocols focus increasingly on small particles (e.g., PM~10~ and PM~2.5~) because these have the potential to be suspended for longer time, transported for longer distance, and deposited in the lower respiratory tract, thus are more hazardous to human and animal health. To ensure unbiased sampling, these protocols specify many details, such as sampling duration, type of sampler, and sample handling.

The protocols for ambient air may not be directly applicable for dust sampling in livestock production systems where the dust concentrations are much higher than those in ambient air. In addition, to date there is no gold standard for sampling airborne microorganisms. Given that the sampling of microorganisms and dust in livestock production systems is increasingly being performed for assessing the biosecurity of air environments and for evaluating mitigation techniques, the sampling protocol must be well designed in order to assure reliable data. Subsequently, sampling strategies and samplers for airborne microorganisms and dust are highlighted, taking into consideration their sampling in livestock production systems.

5.1. Sampling Strategy {#s0005-0001}
----------------------

Isokinetic sampling is the ideal sampling method, because it has been devised to sample the true numbers of particles in the air. Such sampling can be achieved if the sampler inlet is in alignment with and facing the direction of air flow and if the air velocity within the sampler is the same as the ambient air velocity (Zhang, [@cit0286]). However, true isokinetic sampling is impossible in practice due to variations in the surrounding air flow pattern (air direction and velocity) and the limitations of some samplers (Liu and Pui, 1981). As a concession, the current legislation aims to reduce the sampling bias in nonisokinetic samplings by stipulating the range of conditions under which the samplings may be performed.

The sampling location should be chosen bearing in mind the research purpose. When human health is of concern, sampling should be carried out near the human breathing zone. One option is to fit a portable sampler on a worker\'s body at a height of 150--170 cm above floor level and within a radius of 30 cm around the mouth (Aarnink et al., [@cit0004]; Ouellette et al., [@cit0198]). There are difficulties in doing the same with animals, therefore stationary samplers in their breathing zones are recommended. The recommended level of the breathing zone is 30--40 cm above floor level for pigs, 10--25 cm for poultry, and shoulder height for cattle (Kim et al., [@cit0146]; Topisirovic, [@cit0247]; Zhao et al., [@cit0292]). For growing animals these figures should be adjusted according to the animal height at a certain age. When emissions of microorganisms and dust are of interest, the best sampling location is in or near the air outlet. Care should be taken not to place the samplers at a location where the air speed is too high, because the efficiency of the sampler (the ratio of the aerial pollutant concentration calculated from the air samples to the true concentration in the air) may drift far from 100% (Grinshpun et al., [@cit0103]; Hofschreuder et al., [@cit0129]).

For ambient air, the daily and annual thresholds for PM~10~ have been set at 50 and 40 μg m^−3^, respectively (European Commission, [@cit0085]); the annual threshold for PM~2.5~ has been set at 25 μg m^−3^ (European Commission, [@cit0087]). To assess the dust concentration, the sampling period is generally 24 hr. The sampling duration for ambient air may also be applied when sampling dust in animal houses to obtain daily mean concentrations. For studies collecting information on dust fluctuations during the day, continuous samplings for short periods should be performed. This kind of sampling can be achieved by interval sampling or sampling with real-time optical samplers.

Due to the lack of a standard, the sampling duration for airborne microorganisms in different studies varies, but is normally less than 1 hr. The duration is determined by taking account of the estimated concentrations of microorganisms and the characteristics of the sampler in use. The sampling duration can be set at a short period (a few minutes) when the total microorganism is abundant in livestock houses. When the microorganism of interest is sporadically present, the period should be set long enough to collect enough microorganisms for further quantification analysis. Some samplers have not been designed to be used for long sampling duration. For instance, severe evaporation of liquid medium in All Glass Impinger (AGI-30) occurs when the sampling period is long and this may affect its sampling efficiency. The recommended maximum duration of the sampling period for the AGI-30 is 30 min. Impactors may easily become overloaded when samples are taken in livestock houses (Thorne et al., [@cit0246]), therefore, the sampling duration is limited to minutes or even to seconds. Filtration method would not encounter the problems (evaporation of sampling liquid and overloading) of impingers and impactors; however, long sampling duration by filtration may not benefit in microorganism collection because of the biological decay of microorganisms owing to dehydration (Griffin et al., [@cit0101]; Wang et al., [@cit0261]). In order to collect detectable amounts of microorganisms and to get representative samples over a longer period, some high-volume and durable samplers that can be continuously operated over hours have been developed and applied, including OMNI-3000 and high-volume impinger (Griffin et al., [@cit0101]; Kesavan and Schepers, [@cit0143]).

Other aspects in sampling and detection strategies include practical and economic considerations. The portability of the instrument and its ancillaries (e.g., weight and dimensions) are factors that should be considered. A high-quality pump is required for dust filtration sampling, and it should be able to provide a constant airflow when ambient temperature changes or when pressure differences increases because of dust accumulation on the filter. The culture-dependent techniques for microorganism numeration are time consuming and particularly expensive; culture-independent techniques such as quantitative PCR provide possibilities for rapid and accurate analysis which is critical for biological emergency (Postollec et al., [@cit0206]; Ståhl et al., [@cit0231]), but its incapability to distinguish between viable and dead microorganisms needs to be considered (Yáñez et al., [@cit0279]).

5.2. Samplers for Microorganisms {#s0005-0002}
--------------------------------

Current samplers for airborne microorganisms are generally based on one of three main principles (i.e., impaction, impingement, or filtration; [Table 8](#T0008){ref-type="table"}). These different sampling principles have their advantages and disadvantages. Samplers using the impaction principle (e.g., Andersen Six Stage Impactor) can be used to distinguish the microorganisms according to their sizes (Andersen, [@cit0010]). In addition, the bacteria impacted on agar plates may be directly incubated for viable counts. However, its susceptibility to overloading limits its sampling in livestock houses to short periods, which may result in nonrepresentative samples. The problem of overloading can be overcome by using samplers with the impingement principle, because the liquid samples may be decimally diluted and analyzed after sampling. A disadvantage of this sampler is that it may not be able to sample for a long time due to evaporation of the collection liquid (Lin et al., [@cit0165]). Filtration is a user-friendly method in a practical situation, but not suitable for sampling microorganisms that are vulnerable to dehydration stress. Table 8Common samplers for airborne microorganismsSampling principleCollection mediumExample samplersImpactionAgar plateAndersen One/Two/Six Stage Impactor (Andersen Instruments Incorporated, Atlanta, GA, USA)  Casella Slit Sampler (Casella Ltd, Bedford, England)  Surface Air Systems (Cherwell Laboratories, Bicester, England)  Burkard air sampler (Burkard Manufacturing Co. Ltd., Rickman Worth, England)ImpingementLiquid mediumAGI-30 (Ace Glass, Vineland, USA)  Multistage May Liquid Impinger (AW Dixon, Beckenham, Kent, England)FiltrationFilterSartorius MD8 AirPort/AirScan with gelatin or polytetrafluoroethylene filter (Sartorius, Göttingen, Germany)  Button Personal Inhalable Sampler (SKC, Inc., Pennsylvania, USA)

A sampler with known efficiency is a prerequisite for a reliable evaluation of the microbial concentration. The efficiency of a bioaerosol sampler includes physical and biological efficiency. The physical efficiency describes how well nonviable airborne particles are aspirated by the device\'s inlet and transported to the collection medium, referred to as inlet sampling efficiency, and how well the bioaerosol sampler retains these particles in its medium, referred to as collection efficiency (Griffiths and Stewart, [@cit0102]; Nevalainen et al., [@cit0190]). For particles in the range from 1 to 10 μm and an airflow rate between 0 and 500 cm s^−1^, the inlet sampling efficiency of the Andersen Six Stage Impactor is 90--150% when the opening faces in direction of the air flow and 8--100% when it is oriented perpendicularly to the horizontal aerosol flow (Grinshpun et al., [@cit0103]). The inlet efficiency of the AGI-30 for particles of 1 μm is close to 100%, but it is reduced to 70--90% for 5 μm particles and to 20--30% for 10 μm particles (Grinshpun et al., [@cit0103]). When the 50% collection efficiency of the Andersen Six Stage Impactor and AGI-30 was investigated it was found that the Andersen Six Stage Impactor has 50% collection efficiency for 6.6--7.0 μm particles at the first stage and 0.57--0.65 μm particles for the last stage (Andersen, [@cit0010]; Nevalainen et al., [@cit0190]). The 50% collection efficiency of AGI-30 was for particles of 0.31 μm (Nevalainen et al., [@cit0190]).

Filters vary in their physical efficiency. Some are highly effective. By measuring the particle concentration upstream and downstream of filters with an optical particle counter, polytetrafluoroethylene (PTFE) filters and gelatin filters were confirmed to collect more than 93% of particles, even down to 80 nm (Burton et al., [@cit0034]).

If the particles are living organisms, they may be inactivated during sampling due to impaction stress (Stewart et al., [@cit0235]), impingement stress (Shipe et al., [@cit0227]; Tyler and Shipe, [@cit0250]; Tyler et al., [@cit0251]), and/or dehydration stress (Li et al., [@cit0162]). Therefore, in order to indicate how well a bioaerosol sampler maintains the microbial viability and prevents cell damage during sampling, the concept of biological efficiency has been introduced (Griffiths and Stewart, [@cit0102]).

In some studies, the efficiency has been evaluated by comparing samplers side by side in an environment with unknown microbial concentration (Engelhart et al., [@cit0083]; Henningson et al., [@cit0119]; Thorne et al., [@cit0246]). This method easily ranks the performance of different samplers; however, it neither reveals whether the amount of microorganisms collected in the samples accurately represents the microorganism content of the air nor distinguishes between the physical and biological efficiency. Other studies separately investigated the physical and biological efficiency of bioaerosol samplers in aerosol experiments, in which a known amount of microorganisms together with an indicator (either labeled microorganisms, or inert tracer compound) were nebulized in an isolator. The physical efficiency can be determined by comparing the amount of tracer collected by a bioaerosol sampler with that collected by the reference sampler (a sampler that has a high physical efficiency); the biological efficiency is subsequently indicated by the change in the ratio of microorganisms/indicator. Using this method, Zhao et al. (2011b; 2011c) reported the efficiency of the Andersen Six Stage Impactor, AGI-30, OMNI-3000, and gelatin filter in sampling *Enterococcus faecalis*, *E. coli*, *Campylobacter jejuni*, *Mycoplasma synoviae*, and Gumboro vaccine virus.

5.3. Samplers for Dust {#s0005-0003}
----------------------

European reference samplers use the filtration principle to collect dust from the air (European Commission, [@cit0084]; European Commission, [@cit0086]); while in US, a list of reference and equivalent samplers, including tapered element oscillating microbalance (TEOM), filter, and optical sampler, have been proposed by the U.S. Environmental Protction Agency (1997).

For sampling dust in certain size fractions (e.g., PM~10~ and PM~2.5~), a preseparator for separating the coarse dust from the target dust particle sizes has to be installed in front of the filter/sensor/dust collector. Sampling systems with pre-separators using the impaction principle have been legislated as reference methods for measuring dust in ambient air in the United States (U.S. Environmental Protction Agency, 1997) and European countries (European Commission, 1998, 2005). These systems show steep collection curves for sampling fine dust in ambient air where dust load is low (Kenny et al., [@cit0142]). However, the preseparator with impaction principle may become overloaded when sampling in dusty livestock production systems, thereby resulting in overestimated concentrations of fine dust (Zhao et al., [@cit0294]). In contrast, a preseparator with cyclone principle has been found to be less vulnerable to overloading in dusty environments than preseparators based on impaction (Zhao et al., [@cit0294]).

Optical dust samplers are now commercially available. These dust samplers can monitor the real-time dust concentrations, and no further process is needed after sampling (unlike the gravimetric method, in which filters must be weighed). Moreover, some optical samplers may separately record the concentrations of dust in different size ranges. However, the optical samplers have limitations in humid environments, because it cannot distinguish between droplets and dry dust. Another limitation of using optical samplers lies to the difficulty in converting count to mass concentrations without knowing the true density of the particles in concern.

6.. MITIGATION TECHNIQUES FOR AIRBORNE MICROORGANISMS AND DUST {#s0006}
==============================================================

Many techniques have been applied in practice to reduce the concentrations and emissions of airborne microorganisms and dust in the livestock industry. They vary in their utility, but can be grouped into two main principles. The first principle, to control particles at source, includes techniques such as feed coating and oil spraying, which has been stated to be "the most effective means" of controlling airborne particles in the space (Pearson and Sharples, [@cit0200]). The second principle is air purification. Ionization (electrostatic) and air scrubbers are examples.

6.1. Control at Source {#s0006-0001}
----------------------

The fatty substances often added to feed to increase metabolizable energy content may reduce the airborne microorganisms and dust in animal houses (Pearson and Sharples, [@cit0200]). Gore et al. ([@cit0098]) reported that concentrations of airborne bacteria were reduced by 27%, and settled dust by 45--47%, when 5% soybean oil was added to the pig diet. This result is consistent with the study by Welford et al. ([@cit0268]), who found a 31% reduction of inhalable dust with 2% oil addition to the feed. Other substances, such as tallow, lecithin and lignin have also been used as effective feed additives for the purpose of particle control in animal houses (Dawson, [@cit0053]; Pearson and Sharples, [@cit0200]).

Spraying techniques reduce the particle concentrations mainly by coating the surfaces, thereby, preventing particles from being suspended or resuspended from their sources (Takai, [@cit0238]). Kim et al. ([@cit0147]) reported that spraying 60 ml m^−2^ of tap water, salt water, treated manure, microbial additive, soybean oil, artificial spice, and essential oil may all reduce particles in pig houses. These authors found an average reduction of 53% for airborne bacteria, 51% for fungi, and 30% for total dust. The substance for spraying found to be the most effective additive for reducing dust was soybean oil. In broiler rooms, Aarnink et al. (2009) reported that PM~10~ reduction increased linearly from 55 to 85% when daily rapeseed oil application rates increased from 6 to 24 ml m^−2^. The PM~2.5~ reduction was not related to application rate and was about 80%. In aviary systems for layers, a 34% reduction for PM~10~ and 50% reduction for PM~2.5~ were achieved by daily spraying with 20 ml m^−2^ (Aarnink et al., [@cit0002]). Although a high oil application rate achieves high PM~10~ reduction in broiler rooms, it may adversely affect animal health (Aarnink et al., [@cit0004]). When spraying 24 ml m^−2^ daily, there was a tendency for statistically higher footpad lesion in broilers. Aarnink et al. ([@cit0002]) recommended limiting oil application to 16 ml m^−2^.

6.2. Air Purification {#s0006-0002}
---------------------

The ionization (also referred to as electrostatic) technique produces negative ions in the air, which causes airborne particles to become negatively charged. The negatively charged particles are attracted to earthed or positively charged surfaces. Previous studies have shown promising reduction effects on dust in animal houses using ionization techniques, total dust was reduced by 13--61% in poultry houses (Lyngtveit and Eduard, [@cit0171]; Mitchell et al., [@cit0186]; Mitchell et al., [@cit0187]; Richardson et al., [@cit0213]), and by 45--58% in pig houses (Rosentrater, [@cit0214]; Tanaka and Zhang, [@cit0241]). Cambra-Lopez et al. ([@cit0038]) reported that the technique produced average reductions of 36% for PM~10~ and 10% for PM~2.5~. The disparity is probably caused by the different charging mechanisms to particles. The small particles (\<0.1 μm) are charged by the thermal charging mechanism, which is proportional to the diameter; large particles (\>0.5 μm) are charged by field charging mechanism, which is proportional to the square of the diameter (Bundy, [@cit0033]). Ionization has the potential to prevent airborne transmission of microorganisms (Gast et al., [@cit0092]; Holt et al., [@cit0131]), however, no reduction of airborne bacteria, fungi and mold was found in broiler houses by this technique (Cambra-Lopez et al., [@cit0038]). Knowledge of ionization on reduction of airborne microorganisms in animal houses is still limited and needs to be augmented.

End-of-pipe techniques, such as dedusters, air filters, and scrubbers have been installed at air outlets of animal houses to minimize emissions of air pollutants. Zhang et al. ([@cit0285]) found a deduster removed 90% total dust from the air exhausted from a pig house. Because dedusters are based on the centrifuge principle, they are more effective at removing larger particles than smaller ones. The deduster studied by Zhang et al. ([@cit0285]) had a removal efficiency of 90% for particles larger than 10 μm, 77% for 7 μm particles, and 50% for 4 μm particles. The low removal efficiency for small particles was assumed to be particle re-entrainment due to high air turbulence. Acid and biological air scrubbers were originally developed to reduce ammonia and odor emissions, and they also appear to be effective in reducing particle emissions. An acid scrubber that uses sulfuric acid may achieve a 70% reduction of total bacteria (Aarnink et al., [@cit0001]). In a lab-scale experiment, Aarnink et al. ([@cit0001]) found that *E. faecalis* and Gumboro virus could be reduced by 100% when per-acetic acid was used as the circulation solution in a scrubber. The biological scrubbers are not consistent in reducing microorganisms (Seedorf and Hartung, [@cit0223]), probably because the microorganisms for digesting odorous compounds can also be emitted to the ambient air. The removal of total dust by biological scrubbers was found to be 22--96% (Seedorf and Hartung, [@cit0223]).

Combined techniques have been applied in practice: for instance, oil spraying combined with feed coating (Takai and Pedersen, [@cit0239]) and multi-stage air scrubbers (Zhao et al., [@cit0288]). These techniques are more consistent and effective in reducing emissions of airborne microorganisms and dust, as well as other gaseous pollutants (Ogink and Bosma, [@cit0194]; Zhao et al., [@cit0293]). A disadvantage of combined scrubbing techniques is the relatively high energy use and the complexity for use on practical farms. Therefore, further research is needed to develop energy-saving and simple-to-operate combined scrubbing techniques.

7.. CONCLUSIONS {#s0007}
===============

The most important source of airborne microorganisms is the animals themselves by means of excretion. The sources of dust include excrement, litter, feed, skin, and feathers.Airborne microorganisms in animal houses are mostly bacteria, with Gram-positive bacteria predominating; fungi account for only a small proportion of microorganisms.Concentrations of both microorganisms and dust are high in animal houses. They are affected by animal type, housing system, management, and environmental factors. Because these factors play an interrelated role on the concentrations of microorganisms and dust, integrated research on the effects is required.The microorganisms transmitted in the air suffer physical and biological decay. The physical decay largely depends on their size, and the biological decay is mainly determined by environmental factors, such as humidity, temperature, radiation, and toxic gases. In airborne transmission, microorganisms may be carried by dust particles that may protect microorganisms from biological decay. Knowledge of the role of dust in the transportation of microorganisms is still lacking, and needs to be expanded.Microorganisms are deposited on different regions in the respiratory tract, mainly depending on their size. They have different preferred infection regions in the respiratory tract. The amount of microorganisms needed to induce an infection varies with microorganism species and animal species.Reference methods for microorganism and dust sampling in animal houses need to be legislated. These methods should be resistant to highly microbial and dusty environments, and the efficiency of the sampling devices needs to be investigated.Different techniques have been applied to reduce airborne microorganisms and dust in and from animal houses. Combining several abatement techniques may achieve higher and more consistent reduction. Energy-saving and simple-to-operate combined techniques are of interest for further development.

[^1]: ^\[a\]^Data from Seedorf et al. ([@cit0224]). ^\[b\]^Data from Taikai et al.(1998). ^\[c\]^Data from Lai et al. ([@cit0156]).

[^2]: ^\[a\]^Some definitions in this table that were originally for gases or molecules in nonaerial environments have been modified to make them suitable for describing the associating mechanisms of microorganisms and dust in the air.

[^3]: \*Estimated readings from figures. ^\[a\]^H = highest biological decay of airborne microorganisms (i.e., worst survival and shortest half-life time). L = lowest biological decay of airborne microorganisms (i.e., optimal survival and longest half-life time). ^\[b\]^ In brackets is the time span (in minutes) between which survival rate corresponds to.

[^4]: \*Estimated readings from the figures. n.c. = not calculated due to no infectious virus was recovered. ^\[a\]^H = highest biological decay of airborne microorganisms (i.e., worst survival and shortest half-life time); L = lowest biological decay of airborne microorganisms (i.e., optimal survival and longest half-life time). ^\[b\]^Calculated by dividing the amount of virus collected in the last air sample (360 min) by that in the first air sample (15 min). ^\[c\]^In brackets is the time span (in minutes) between which survival rate corresponds to.

[^5]: CFU = colony forming unit; TCID~50~ = 50% tissue culture infective dose; PFU = plaque forming unit; FFU = focus forming unit.

[^6]: *Note.* URT = upper respiratory tract (including nose, pharynx, and tonsil); LRT = lower respiratory tract (including trachea, bronchi and bronchioles, and alveoli).
